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ABSTRACT
Most stars form in binaries and the evolution of their discs remains poorly under-
stood. To shed light on this subject, we carry out 3D ideal MHD simulations with
the AMR code FLASH of binary star formation for separations of 10− 20 AU. We run
a simulation with no initial turbulence (NT), and two with turbulent Mach numbers
of M = σv/cs = 0.1 and 0.2 (T1 and T2) for 5000 yr after protostar formation. By
the end of the simulations the circumbinary discs in NT and T1, if any, have radii
of ∼< 20 AU with masses ∼< 0.02 M, while T2 hosts a circumbinary disc with radius∼70-80 AU and mass ∼0.12 M. These circumbinary discs formed from the disrup-
tion of circumstellar discs and harden the binary orbit. Our simulated binaries launch
large single outflows. We find that outflows of NT carry the most mass, and linear
and angular momentum from the system. T2 produces the least efficient outflows con-
cerning mass, momentum and angular momentum (∼61 per cent, ∼71 per cent, ∼68
per cent of the respective quantities in NT). We conclude that while turbulence helps
to build circumbinary discs which leads to the restructuring of magnetic fields for
efficient outflow launching, too much turbulence may disrupt the ordered magnetic
field structure required for magneto-centrifugal launching of jets. We conclude that
the role of turbulence in building large circumbinary discs may explain some observed
very old (>10 Myr) circumbinary discs. The longer lifetime of circumbinary discs may
increase the likelihood of planet formation.
Key words: Star Formation – Binary stars
1 INTRODUCTION
A significant fraction of stars are born in binary star sys-
tems (Raghavan et al. 2010; Moe & Di Stefano 2017) and
in the last two decades a number of planets have been dis-
covered orbiting in binary star systems (e.g. γ Cephei Ab
(Neuha¨user et al. 2007), HD 196885 Ab (Chauvin et al.
2007), Kepler-47b and c (Orosz et al. 2012), PH-1 (Schwamb
et al. 2013), ROXs 42Bb (Kraus et al. 2014) and OGLE-
2007-BLG-349L(AB)c (Bennett et al. 2016)). Planet forma-
tion models have historically only been concerned with for-
mation around single stars. However, given the frequency
of binary stars and the discovery of planets in binaries, this
picture is insufficient. Therefore, in order to fully understand
planet formation, environments around young binary stars
must be considered.
Kraus et al. (2016) find that the frequency of planets
orbiting in binary star systems drops for separations of a ∼
40 AU (Kraus et al. 2016). However, this work is based on
current planet statistics and mostly concerned planets in
S-Type orbits, where the planet is orbiting one component
in a binary. To date, we only know of ∼20 circumbinary
planet, thus, we are not able to conduct significant studies
of population statistics on these types of planets. In order
to understand planet statistics around binary stars we can
look at the discs from which these planets would form.
Multiplicity may affect the disc lifetime and as a result
can also affect the likelihood of planet formation. The pres-
ence of a companion can truncate circumstellar discs leading
to the disc material being accreted faster, on the order of
∼0.3 Myr (Williams & Cieza 2011). A shorter circumstellar
disc lifetime is implied by binaries of separation < 40 AU
being half as likely to host circumprimary/circumsecondary
discs than binaries with separations 40−400 AU (Cieza et al.
2009; Ducheˆne 2010; Kraus et al. 2012), and by close bina-
ries having less sub/millimetre flux due to the absence of an
inner disc (Jensen et al. 1994, 1996; Andrews & Williams
2005).
Harris et al. (2012) and Cox et al. (2017) also found
that circumstellar discs in binaries produced faint millime-
tre flux suggesting they are relatively small. However, they
also observed circumbinary discs produced at least an order
of magnitude more millimetre flux densities compared to
circumstellar discs around binaries of the same separation.
This implies that circumbinary discs are larger and have
more material than circumstellar discs in similar binaries to
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form planets. There also exist circumbinary discs that are
considerably older than the typical lifetime of protoplane-
tary discs of ∼3 Myr (Haisch et al. 2001; Mamajek 2009).
Examples include AK Sco (18± 1 Myr, Czekala et al. 2015),
HD 98800 B (10 ± 5 Myr, Furlan et al. 2007), V4046 Sgr
(12− 23 Myr, Rapson et al. 2015) and St 34 (also known as
HBC 425, ∼25 Myr, Hartmann et al. 2005). If circumbinary
discs have a significantly longer lifetime than discs around
single stars, it would increase the likelihood of forming plan-
ets (Kuruwita et al. 2018).
The mechanisms that determine the lifetime of a disc
are: 1. accretion of material, 2. jets and outflows, 3. photo-
evaporation of the disc, 4. dynamical interactions. Here
we investigate how turbulence influences accretion, outflows
and the dynamical evolution of discs during binary star for-
mation and evolution. The work in this paper is a contin-
uation of the work of Kuruwita et al. (2017) which found
circumstellar discs were disrupted during the evolution of a
young binary star system of separation ∼45 AU, creating a
hostile environment for planet formation. In this work we
add turbulence to the initial conditions, and run turbulent
magnetohydrodynamical simulations of binary star forma-
tion to study the evolution of the discs in these systems.
In Section 2 we describe the simulation code used, how
protostar formation is modelled, our simulation set-up and
implementation of turbulence. The results are presented and
discussed in Section 3, where we analyse the evolution of the
binary systems, the outflows produced and the evolution of
the discs. Section 4 discusses the limitations and caveats of
this study. Our conclusions are summarised in Section 5.
2 METHOD
2.1 FLASH
The simulations are carried out with FLASH which is a
magnetohydrodynamic (MHD) adaptive mesh refinement
(AMR) code (Fryxell et al. 2000; Dubey et al. 2008). FLASH
integrates the ideal MHD equations. We use the HLL3R
Riemann solver for ideal MHD (Waagan et al. 2011). The
gravitational interactions of the gas are calculated using a
Poisson solver (Wu¨nsch et al. 2018).
Our simulations use a piecewise-polytropic equation of
state, given by:
Pth = Kρ
Γ, (1)
where K is the polytropic constant and Γ is the polytropic
index. For our simulations Γ is defined to be:
Γ =

1.0 for ρ 6 ρ1 ≡ 2.50× 10−16 g cm−3,
1.1 for ρ1 < ρ 6 ρ2 ≡ 3.84× 10−13 g cm−3,
1.4 for ρ2 < ρ 6 ρ3 ≡ 3.84× 10−8 g cm−3,
1.1 for ρ3 < ρ 6 ρ4 ≡ 3.84× 10−3 g cm−3,
5/3 for ρ > ρ4.
(2)
These values were determined by radiation-
hydrodynamical simulations of molecular core collapse
by Masunaga & Inutsuka (2000). These values of Γ ap-
proximate the gas behaviour during the initial isothermal
collapse of the molecular core, adiabatic heating of the first
core, the H2 dissociation during the second collapse into
the second core and the return to adiabatic heating.
The formation of sink particles indicates the formation
of a protostar (Federrath et al. 2010, 2011, 2014). A second-
order leapfrog integrator is used to update the particle posi-
tions using a velocity and acceleration to calculate a variable
time step. To prevent artificial precession of the sink parti-
cles a sub-cycling method is implemented (Federrath et al.
2010). The interactions between sink particles and the gas
are computed using N -body integration.
For further details about FLASH and sink particles, refer
to Kuruwita et al. (2017) and references therein.
2.2 Simulation setup
The simulations methods are identical to Kuruwita et al.
(2017), except for adding turbulence (see details in Sec-
tion 2.2.1). Here we only summarise the main elements of
the method and refer the reader to Kuruwita et al. (2017)
for the details. We simulate the formation of a binary star
with turbulence and without turbulence for comparison of
outflow quantities and evolution of environment around the
protostars.
The size of the computational domain is Lbox = 1.2 ×
1017 cm (∼8000 AU) along each side of the 3D computational
domain. On the highest level of refinement of the AMR grid
the resolution is ∼1.95 AU. At this resolution the accretion
radius of the sink particles is rsink ∼4.9 AU.
Our simulations begin with a spherical cloud of mass
1 M, and radius ∼3300 AU placed in the centre of the
simulation domain. In the non-turbulent case the cloud
is given solid body rotation with angular momentum of
1.85 × 1051 g cm2 s−1. With this angular momentum, the
product of the angular frequency and the free-fall time of the
cloud is Ω × tff = 0.2 (see Banerjee & Pudritz (2006) and
Machida et al. (2008)). A magnetic field of 10−6 G is also
threaded through the cloud in the z -direction. This gives
a mass-to-flux ratio of (M/Φ)/(M/Φ)crit = 5.2 where the
critical mass-to-flux ratio is 487 g cm−2 G−1 as defined in
Mouschovias & Spitzer (1976).
The cloud is initially given a uniform density of ρ0 =
3.82× 10−18 g cm−3 and then a density perturbation is im-
posed on the cloud. This is to seed the formation of a bi-
nary star system. Previous works of multiple star formation
from a single molecular core suggest that cloud fragmen-
tation is a more likely pathway of multiple star formation
rather than disc fragmentation (Offner et al. 2010). This is
due to radiation feedback increasing the Jeans length within
discs, suppressing fragmentation. Our initial conditions are
designed such that our binary star systems form from core
fragmentation in agreement with previous results. The den-
sity perturbation in our simulations is described by:
ρ = ρ0(1 + αpcosφ), (3)
where φ is the angle about the z-axis and αp is the ampli-
tude of the perturbation. For our simulations αp = 0.50.
This perturbation is a standard method of seeding binary
star formation within simulations of molecular cores (Boss
& Bodenheimer 1979; Bate & Burkert 1997).
In order to prevent the cloud from expanding rapidly,
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Figure 1. 300 AU thick volume-weighted slices orientated along the dense accretion streams such that the slice captures the dense
material and two sink particles for NT (left), T1 (middle) and T2 (right). Each row progresses at 1000 yr intervals since the first
protostar formation. The thin lines show the magnetic field, and the arrows indicate the velocity field. Crosses show the position of the
sink particles. The mass accreted by the sink particles in the simulations is indicated on the bottom left of each panel.
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Figure 2. Same as Figure 1, but for 100 AU thick slices along the z = 0 plane of the simulation box.
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Simulation name σv (km s−1) M Eturb (erg)
NT 0.0 0.0 0.0
T1 0.02 0.1 4.0× 1039
T2 0.04 0.2 1.6× 1040
Table 1. Summarises the simulations. The left column gives the
simulation name. The right column gives the amount of initial
turbulence (σv) as described by Equation 4.
the spherical cloud is in pressure equilibrium with the sur-
rounding material. This is set by giving the surrounding ma-
terial a gas density of ρ0/100 with an internal energy such
that the cloud and surrounding material is in pressure equi-
librium. Inflow/outflow boundary conditions are used at the
edge of our computational domain.
2.2.1 Adding turbulence
Stars form in turbulent cores inside molecular clouds
(Ferrie`re 2001; Mac Low & Klessen 2004; Padoan et al.
2014). In order to simulate this effect, we add turbulence to
the initial conditions of our cores. The purpose of this work
is to investigate the role of turbulence on disc evolution dur-
ing binary star formation. Therefore to isolate the effect of
turbulence all simulations in this work have the same ini-
tial conditions bar the level of turbulence introduced to the
initial velocity field of the cloud.
For our simulations we derive a ball-park value for the
velocity dispersion by setting the turbulent energy to a frac-
tion of the rotational energy. The turbulent energy is given
by the following:
Eturb =
1
2
Mσ2v, (4)
where M is the initial mass of our cloud i.e. 1 M and
σv is the velocity dispersion. The initial rotational energy
of the cloud in our simulations is Erot = 3.4 × 1040 erg.
Here we study σv = 0, 0.02 and 0.04 km s
−1 or Mach 0.0,
0.1, and 0.2 which corresponds to Eturb/Erot = 0.0,∼0.12
and ∼0.46. This is consistent with mild, subsonic levels of
turbulence expected to be present in star-forming cores and
discs. Hereafter the simulations with turbulence of M =
0.0, 0.1 and 0.2 are referred to as NT, T1 and T2 respectively.
The simulations are summarised in Table 1.
The mixture of solenoidal and compressible modes is set
such that the velocity field only contains solenoidal modes
initially, i.e., the velocity field is divergence-free (Federrath
et al. 2010). The spectrum of initial turbulent velocities fol-
lows a Kolmogorov (1941) spectrum with a spectral slope of
k−5/3 (this is the expected power-law slope for the mildly
compressible regime of turbulence relevant here; see Feder-
rath (2013)), populated in the wavenumber range k = [2, 20],
where k is in units of 2pi/Lbox.
The random seed for the turbulence is the same for all
simulations. The turbulence is not driven in our simulations,
it is only applied to the initial velocity field of the gas during
the set-up.
3 RESULTS AND DISCUSSION
Our simulations were run and we followed the system evolu-
tion. Side-on and top-down slices of the resulting simulations
are shown in Figure 1 and Figure 2. Figure 1 shows side-on
gas density slices of thickness 300 AU at 1000 yr intervals
since the formation of the first sink particle. Figure 2 shows
top-down gas density slices of thickness 100 AU at 1000 yr
intervals since the formation of the first sink particle. The
orientation of the side-on slices in Figure 1 is aligned along
the dense accretion streams we see in Figure 2.
3.1 Time evolution of the binary star system
As the simulations progress, the spherical cloud collapses
and sink particles are created in collapsing regions (c.f.
Section 2.1). Sink particles form at separations between
400− 500 AU and fall towards the centre of the initial dense
core as shown in Figure 2 and the top plot of Figure 3.
The initial separation and delay between the formation of
the first and second sink particle is dependant upon the
strength of the turbulence of the initial velocity field (c.f.
Section 2.2.1). In the non-turbulent NT simulation the sink
particles form sooner and at the same time because the den-
sity perturbation is symmetric. In T1 and T2 the turbulence
washes out some of the initial m=2 density perturbation (re-
fer to αp in Equation 3) and the sink particles form at later
absolute simulation times as a result. The turbulence in T1
and T2 also introduces asymmetries to the initial density
perturbation creating a delay between the formation of the
sink particles, producing binary systems with unequal mass
components. The stronger the turbulence the greater the
delay between formation of the sink particles. Our binary
systems are evolved for 5000 yr after formation of the first
sink particle. This ensured that the binary was able to com-
plete many orbits to form an established binary system of
semi-major axis between ∼10-20 AU. The dashed line in Fig-
ure 3 (top panel) indicates the accretion radius of our sink
particles (which is rsink = 4.9 AU) to demonstrate that the
separation of the binaries is not limited by numerical res-
olution. The binary systems begin to establish their orbits
approximately ∼2000 yr after the formation of the first sink
particle in all cases. We see that T2 has fully circularised
approximately ∼4000 yr after the first sink particle forma-
tion, while in NT and T1, circularisation is still ongoing after
5000 yr. This orbital shrinkage after protostar formation has
also been seen in other MHD simulations of binary star for-
mation and is caused by magnetic braking of the infalling
gas (Zhao & Li 2013).
As the binary evolves the sink particles accrete mass.
The bottom panel of Figure 3 shows the mass accreted by
the sink particles in our three simulations. The thick solid
lines show the total accreted mass and the mass of the in-
dividual sink particles is indicated by the thin transparent
lines. The mass ratio (Msecondary/Mprimary) is lowest for
the most turbulent simulation. This is primarily due to the
time delay between the formation of each component. We
see that the turbulent cases have a greater star formation
efficiency (fraction of accreted mass) than NT at all times,
but the amount of accreted mass does not very significantly.
5000 yr after sink particle formation, T1 and T2 have respec-
tively accreted ∼8% and 3% more mass than NT. We cannot
c© 2016 RAS, MNRAS 000, 1–??
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Figure 3. Shows the evolution of the binary separation (top),
and accreted mass (bottom) since protostar formation of the first
sink particle for the NT, T1 and T2 cases in black, blue and red
respective. In the plot of the accreted mass, the transparent thin
lines trace the mass of the individual components and the thick
opaque lines traces the total accreted mass.
predict the final mass of the stars, because it is impossible
to run these simulations until the stars stop accreting mass,
due to the limited amount of compute time currently avail-
able.
Initially the accretion rate is very high, but steadily
falls over the course of our simulations. All simulations show
episodes of increased accretion rate around the first few peri-
astron passages. This supports the binary trigger hypothesis
for accretion events leading to FU Ori type outbursts (Green
et al. 2016; Tofflemire et al. 2017).
The accretion rate of NT decreases significantly after
the third periastron passage at ∼3000 yr. We see from Fig-
ure 2 that the circumstellar discs of NT are heavily disrupted
and smaller at times after 3000 yr. The circumstellar discs
help funnel gas onto the sink particles. Because these discs
are disrupted, the accretion rate onto the sink particles is
reduced.
In contrast we also see the average accretion rate of T2
decreases at approximately the time when the binary system
has circularised between 3000−4000 yr. We see from Figure 2
that for T2, a dense circumbinary disc is building up and
the magnetic field is coiling up in this disc, while a cavity
appears to open near the binary stars at times after 3000 yr.
The establishment of the circumbinary disc helps circularise
the binary system by removing angular momentum from the
binary orbit and transporting that into the disc. The reduced
eccentricity of the orbit also means the cross-section in which
mass must exist to be accreted is reduced. The low density
of material near the sink particles at later times also affects
the accretion rate.
We now turn to analysing the properties of the out-
flows/jets launched from these binary-star systems.
3.2 Morphology of outflows and launching
mechanism
Figure 1 qualitatively shows the outflow morphology in the
three cases. In NT the outflows from the sinks are launched
at the same time and remain symmetric over the course of
the simulation. T1 produces asymmetric outflows because
the turbulence induces asymmetric density perturbations.
There is even greater delay between the formation of the first
and second sink particle in T2, however in this case we do not
see jets from the individual sink particles. This may be due
to the stronger turbulence creating an unordered magnetic
field reducing the magnetic pressure gradient required for
efficient launching.
Individual jets from young proto-binaries have been ob-
served, such as L1551 IRS5 (Wu et al. 2009). The morphol-
ogy of the outflows from this system is similar to those pro-
duced by the NT and T1 cases. The duration of the individ-
ual jets from our simulations depends on the separation and
coalescence time of the binary star system. The duration
of the individual jets in our simulations is of the order of
1000− 2000 yr. The L1551 IRS5 system has a separation of
∼42 AU (Bieging & Cohen 1985) which is 2− 3 times larger
than the binaries produced in our simulations. This system
could be in-spiralling and the duration of these individual
outflows is also limited by the time taken for the circum-
stellar discs to be disrupted by dynamical interactions. The
duration of these individual outflows can be assumed to de-
pend on the separation of the binary system and the detec-
tion of these double outflows can help trace recent binary
star formation. However, binaries formed in more turbulent
environments may be harder to detect in the early stages
of formation as individual jets are not produced as shown
by T2. This would mean that binary star formation in very
turbulent environments can be obscured from observations.
In all cases, once the binary has been established af-
ter many orbits the system produces a single outflow. The
speed of the outflows increases at later times, with the more
turbulent cases producing greater bulk outflow speeds.
Based on the magnetic field structure in the simula-
tions we attribute the driving force of the outflows to the
magneto-centrifugal mechanism. Blandford & Payne (1982)
calculated that gas can be launched centrifugally along mag-
netic field lines if the poloidal component of the magnetic
field (Bpol) subtends an angle of less than 60
◦ from the disc
surface. Once an outflow is launched, the toroidal compo-
nent of the magnetic field (Btor) becomes important and
collimates the outflow. To test this we calculate both the
angle of the magnetic field to the xy-plane (θ) and the ratio
of the poloidal to toroidal magnetic field components. Slices
of the magnetic field angle and the poloidal to toroidal ratio
are shown in Figures 4 and 5.
From Figure 4 we see at early times the magnetic field
angle is shallow in the midplane (< 30◦) and is steep away
from the disc (> 60◦). As the simulations progress the tran-
sition region where the magnetic field angle transitions from
> 60◦ to < 60◦ follows the outflow fronts seen in Figure 1.
c© 2016 RAS, MNRAS 000, 1–??
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From Figure 5 we also see at early time the poloidal com-
ponent dominates the magnetic field structure. However, at
later times after the outflows are launched, we find that the
toroidal component grows and begins to dominate the mag-
netic field around the outflows. It is this toroidal field that
collimates the outflows. We also see that the poloidal field is
the primary component in the disc midplane. These results
indicate that these outflows are launched via the magneto-
centrifugal mechanism and are in line with other simulations
that also show this (Banerjee & Pudritz 2006).
3.3 Measurement of the outflows
Mass, momentum, and angular momentum can be carried
away from protostellar systems via outflows. Here we mea-
sure these outflow quantities in our three scenarios to deter-
mine how turbulence may affect outflows from young binary
star systems.
The scale height of the discs is approximately zH ≈
25 AU in the non-turbulent case. Analysis of the outflows
from the systems is carried out by measuring the outflow-
ing mass within two measuring cylinders placed above and
below the z = 0 plane. The face of the cylinder nearest the
discs is placed |z| > 4zH = 100 AU from the z = 0 plane.
This height is selected to capture the outflow material, while
avoiding measuring turbulent material in the warped discs
in T1 and T2. The radius and height of the measuring cylin-
ders is 500 and 3300 AU respectively to capture and track
outflowing material. Within the measuring regions outflow
mass is defined as any mass in cells with vz > 0 for z > 0
and vz < 0 for z < 0. From the outflow mass, the angular
momentum and linear momentum of the outflows is calcu-
lated, as well as the maximum outflow speed. The linear
momentum is calculated from the magnitude of the velocity
from the centre of mass and the outflow mass. The angu-
lar momentum is calculated about the centre of mass of the
systems.
The outflow measurements of the three cases is shown
in Figure 6. Most of the measured quantities reach a plateau
as the quantity flowing into the measuring volumes is equal
to the amount of the quantity leaving the volumes. From
Figure 6 we see that the outflows of NT reach the measuring
volume the fastest. This is also confirmed in the bottom
plot of Figure 6 where NT has the highest initial outflow
velocity. While these curves shown in Figure 6 illustrate the
rate at which these quantities are carried in the outflows, to
compare the overall outflow efficiency of these quantities we
calculate the time averaged values of the quantity using:
< q >=
∫ T
0
q(t)dt∫ T
0
dt
, (5)
where q is mass, momentum, and angular momentum, and
T = 5000 yr.
Panel a of Figure 6 shows the mass carried in the out-
flows. We see that NT is the most efficient at transporting
mass via outflows and T2 is the least efficient. T1 falls be-
tween the other two cases with respect to the outflow mass.
The time averaged values of the outflow mass for T1 and T2
are ∼90% and ∼61% of NT, respectively.
Initially the outflow of NT carries the greatest linear
momentum. This is mostly due to having the most massive
outflows and faster outflow velocities. However at later times
T1 converges towards NT. This may be due to increased
outflow velocities. The outflows of T2 carry the least amount
of linear momentum over the course of the entire simulation
due to having the least massive outflows and have lower
outflow velocities. The time averaged values of the linear
momentum carried in the outflows for T1 and T2 are ∼111%
and ∼71% of NT, respectively.
All the simulations show similar outflow behaviours for
angular momentum. The time averaged values of the angular
momentum carried in the outflows for T1 and T2 are ∼102%
and ∼68% of NT, respectively.
The maximum outflow varies between the three cases.
In NT the maximum outflow speed remains relatively steady
over the course of the entire simulation, sitting at the level
of 3 − 10 km s−1. There are bursts in the outflow velocity
for NT which happen around the time of periastron pas-
sage as seen in Figure 3. The maximum outflow velocity of
T1 grows to a steady state by ∼1000 yr, with speeds in the
same range as the NT case. At ∼3800 yr there is a sharp
rise in the outflow velocity. From Figure 2, between times
3000 and 4000 yr, we see that the magnetic field structure
in T1 has become mostly organised, coiling around the bi-
nary. This ordering of the magnetic field is also tied with
the establishment of a circumbinary disc. We conclude the
increased outflow velocity of T1 is due to this building-up of
a circumbinary disc which then leads to the restructuring of
the magnetic field to allow for efficient launching of outflows.
In T2 the outflow velocities grow slowly before reaching a
steady state at ∼3000 yr. From Figure 2, we see that the
building of a circumbinary disc begins at earlier times for
T2, with an extensive disc already visible at ∼3000 yr.
3.4 Disc structure
We see from Figure 2 that all the cases have the sink particles
form and fall in along dense streams. As the sink particles
fall towards each other we see dense circumstellar discs near
the stars. As the binary systems in all the cases pass perias-
tron the circumstellar discs are disrupted. As the circumstel-
lar discs are disrupted, material is thrown outwards. Over
the course of our simulations the turbulent cases appear to
establish a large circumbinary disc. We see from Figure 2 at
later times (> 3000 yr) that the turbulent simulations show
the strong coiling of the magnetic field around the binary
system as well as a dense circumbinary disc. The circumbi-
nary disc is denser in T2 than in T1. The non-turbulent
case does not appear to establish a circumbinary disc over
the course of our simulation however, it might do so at later
stages. As discussed in the previous section, the turbulence
makes the disc more coherent. The formation of the disc
restructures the magnetic field which then leads to the mag-
netic field also becoming more coherent. In Figure 7 we show
the ratio of the poloidal component to the toroidal com-
ponent of the magnetic field for times 2000, 3000, 4000 and
5000 yr. As the simulations progress we see that the toroidal
component dominates within the disc. The poloidal com-
ponent seen at the midplane in Figure 5 is a result of the
toroidal field changing direction. The size of the cavity that
is predominately the poloidal component is approximately
twice that of the binary star separation. The poloidal com-
c© 2016 RAS, MNRAS 000, 1–??
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Figure 4. Same as Figure 1, but shows volume-weighted slices of the magnetic field angle to the xy-plane.
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Figure 5. Same as Figure 1, but shows volume-weighted slices of the ratio of the poloidal component (Bpol) to the toroidal component
(Btor) of the magnetic field.
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Figure 6. Time evolution of the outflow quantities measured
from cylinders of radius 500 AU and height 500 AU placed at
100 AU above and below the disc z = 0 plane. Panel a: out-
flowing mass, defined as mass within cells with vz away from the
disc. Panel b: linear momentum of the outflowing gas. Panel c:
angular momentum of the outflowing gas calculated around the
centre of mass of the system. Panel d: the speed of the cell with
the maximum speed within the measuring volume.
ponent is necessary for efficient launching of outflows and a
strong toroidal component is needed for the collimation the
launched outflows via the magneto-centrifugal mechanism
(Blandford & Payne 1982).
We determine how the relative Keplerian velocity of
these circumbinary discs evolve to see if near-rotationally
supported discs are created and how turbulence may influ-
ence this evolution. Rotationally supported gas discs can
rotate at slightly sub-Keplerian velocities as the gas pres-
sure contributes to supporting the disc against rapid in-
fall (Adachi et al. 1976; Weidenschilling 1977). Studying the
velocity structure throughout the discs provides details on
mass transport around the forming binary star systems.
In Figures 8, 9 and 10 we present 200 AU thick volume-
weighted projections along the z = 0 plane of the gas discs
of the density and density-weighted for the relative Keple-
rian velocity for our three simulations at 1000 yr intervals.
We also show density-weighted radial profiles of the relative
Keplerian velocity. The relative Keplerian velocity (vrel) is:
vrel =
vφ
vkep
, (6)
where vφ is the tangential velocity to the radial direction
and vkep is the Keplerian velocity, given by:
vkep =
√−Φtot (7)
Where Φtot is the total gravitational potential, i.e. the po-
tential from the gas and the sink particles.
The density-weighted profiles (solid black line in bottom
panel of Figures 8, 9 and 10) are calculated over a cylinder
of radius 150 AU and height 200 AU centred on the centre of
mass of the systems. The normal vector to this measuring
cylinder is the angular momentum vector of the gas in the
simulation domain. As most of the gas is within the discs
this vector is perpendicular to the plane of the discs. 2 AU
cylindrical radius bins are used to produce these profiles.
Along with the radial profile, randomly selected cells are
plotted to show any variation in relative Keplerian velocity
perpendicular to the disc.
In NT (Figure 8), the evolution of the system is messy
despite having no initial turbulence. At 2000 yr after forma-
tion of the first sink particle, the two stars have not passed
the first periastron and they maintain their own circumstel-
lar discs. At later times as the two stars interact, their cir-
cumstellar discs are disrupted and matter is ejected from the
discs during the interaction. At time 5000 yr there is some
circumbinary material that could hint at the formation of
a circumbinary disc, however, only a very small one at this
stage.
In the density projections, we clearly see that the mag-
netic
field is disorganised at time 2000 yr, but it begins to coil
around the binary as the system evolves.
In the relative Keplerian velocity projections, we see
most of the material in the vicinity is sub-Keplerian with
a few patches of near Keplerian gas. The structure of the
Keplerian material does not appear to follow the density
structure closely.
The density-weighted profile plot from time 3000 and
4000 yr show the velocity structure of the gas after the bi-
nary has completed a few orbits. At these times we see
that the density-weighted profile is mostly sub-Keplerian,
demonstrating that material is still in-falling. The material
closest to the mid-plane (the red scatter points) is very sub-
Keplerian, while material that is further away from the mid-
plane (the blue scatter points) is more Keplerian to super-
Keplerian. This is demonstrating the building up of the cir-
cumbinary environment but showing that gas falls into the
system along the mid-plane and other gas is being carried
away in the outflows. At later times it appears that material
is being launched at radii up to 100 AU.
The density-weighted profile at time 5000 yr shows that
there is a Keplerian disc out to ∼30 AU. This rotationally
supported disc may grow at later times.
In T1 (Figure 9), the sink particles fall in towards each
other faster than NT, and have already passed the first pe-
riastron by 2000 yr. As the sink particles orbit each other
material is thrown outwards and a circumbinary disc is be-
ginning to build up at around 4000 yr. By 5000 yr we see
a circular circumbinary disc that has been built. The evo-
lution of the magnetic field structure in this case is more
pronounced compared to NT. By 4000 yr when we see the
beginning of the circumbinary disc forming the magnetic
c© 2016 RAS, MNRAS 000, 1–??
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Figure 7. Same as Figure 2, but shows volume-weighted slices of the ratio of the poloidal component (Bpol) to the toroidal component
(Btor) of the magnetic field.
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Figure 8. Top and middle: 200 AU thick volume-weighted projection plots of density and density-weighted projection plots of relative
Keplerian velocity (described by Equation 6) for NT. The thin lines show the magnetic field, and the arrows indicate the velocity field.
The centre of the cross marks the position of the sink particle, and the black circle marks the accretion radius of the particle. Bottom:
The solid black line is the density-weighted radial profile of the relative Keplerian velocity for a cylindrical volume of radius 150 AU and
thickness 200 AU centred on the centre of mass. The points are randomly selected cells in the volume at various distances from the z = 0
plane. Each column progresses at steps of 1000 yr. The black dashed line highlights where material is Keplerian.
field is orientated along the dense spiral arms that feed
the disc. By 5000 yr the magnetic field has coiled around
the binary system tightly. This restructuring of the mag-
netic field plays an important role in the magneto-centrifugal
launching of outflows and in the increased outflow velocities
discussed in Section 3.2 for the T1 case.
The relative Keplerian velocity slices for T1, like NT,
show that most of the material in the vicinity of the stars
is sub-Keplerian with a few patches of near Keplerian gas
at times before the establishment of the circumbinary disc.
However at later times we see at large radii the denser ma-
terial is very sub-Keplerian, and the gas in the disc is near
Keplerian.
The density-weighted profiles for T1 begin sub-
Keplerian and grow towards being near Keplerian. We see
a gradient between sub-Keplerian mid-plane gas and Keple-
rian to super-Keplerian gas at larger |z|, similar to the NT
case at these same times. At time 5000 yr, the gas near the
mid-plane is clustered near Keplerian our to ∼80 AU. This is
also the extent to which the circumbinary disc can be seen.
Like NT, we see that material is being launched at radii up
to 100 AU.
In T2 (Figure 10), the circumbinary disc begins forming
at earlier times compared to the other two cases. At time
3000 yr, we see that a circumbinary disc has formed and
continues to grow over the course of the simulation. We also
see that the magnetic field coils about the binary system,
but not as tightly as that seen in T1.
The density-weighted profiles for T2 follow the same
trends as the other two cases. We see at later times that
the mid-plane gas is sub-Keplerian to near Keplerian, and
gas at large heights becomes more super-Keplerian. from
the profile plot, the mostly Keplerian mid-plane extended
to 80− 100 AU. Also like the previous cases we see material
being launched at radii up to 100 AU.
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Figure 9. Same as Figure 8, but for T1.
3.4.1 Measuring disc sizes
To compare the extent of circumbinary material we calcu-
lated radial profiles of the volume-weighted density, H2 col-
umn density and cumulative gas mass shown in Figure 11.
Density profiles are shown for 1000 yr intervals since 2000 yr
after the formation of the first sink particle for our three
cases. The measuring volume used to calculate the density
profiles is the same used to calculate the relative Keplerian
profiles shown in Figures 8, 9 and 10.
From the overall shapes of the density profiles we see
that the circumbinary material of NT does not show any
significant growth over the course of the simulation after
3000 yr. In T1 within 80 AU the disc size oscillates, growing
larger or smaller between the times plotted. Beyond 80 AU
we see that the density of the material oscillates out of phase
to the growing and shrinking seen within 80 AU. This be-
haviour may hint at bulk movement of material at larger
radii falling inwards. T2 is the only simulation that shows a
clear inside-out growth of the circumbinary material, with
the disc size steadily growing over the course of the simula-
tion.
We also calculated H2 column density radial profiles to
produce quantities measurable by observations. These are
shown in the middle panels of Figure 11. The H2 column
density radial profiles are calculated from projection plots
with the same thickness as the measuring volume used to
calculate the relative Keplerian velocity and density profiles.
The column density profiles also include the contribution of
material above and below the bulk disc material (within the
±100 AU), which would also add to the line-of-sight density
observed.
NT shows little growth after 3000 yr, similar to what
is shown by the density profiles. In T1, the column density
increases between 2000 and 3000 yr, but then proceeds to
decrease over the rest of the simulations. From Figure 6 it
was between 3000 and 4000 yr that the outflow velocities in-
crease suddenly for T1. It is also between these times that
we see the greatest decrease in column density. This is likely
due to the increased outflow velocities suddenly clearing a
cavity, reducing the column density. T2 is the only simu-
lation that shows a clear inside-out growth in the column
density of the circumbinary material, much like that seen in
the density profiles. In the inner ∼75 AU we see perturba-
tions (clumps, asymmetries) in the density / column density.
These are the most prominent in the T2 case for the column
density profile at 5000 yr where profile shows many features
before dropping off beyond 75 AU. Features like these seen
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Figure 10. Same as Figure 8, but for T2.
in observations can be indicative of turbulence producing
rings, spiral arms and other disc characteristics (Hull et al.
2017; Avenhaus et al. 2018; Cox et al. 2018; Esplin et al.
2018; Sanna et al. 2018; Tychoniec et al. 2018).
Determining the extent of the circumbinary disc is am-
biguous, therefore in this work we look at the shape of the
density and column density profiles. We approximate the
disc radii to be where the profiles turn from showing fea-
tures to dropping off smoothly with either a r−2 profile for
the density or r−1 profile for the column density as seen in
observations (Avenhaus et al. 2018). Such power laws are
indicated in Figure 11 by the dotted grey lines in the top
and middle panels. From this we estimate the radii of the
circumbinary discs at time 5000 yr to be ∼< 20 AU, for NT
and T1, and ∼70-80 AU for T2.
In order to estimate the mass of the circumbinary discs
we have also calculated cumulative gas mass profiles, shown
in the bottom panel of Figure 11. From these profiles, at the
radii estimated above, we find the circumbinary disc masses
to be ∼< 0.02 M for NT and T1, and ∼0.12 M for T2. The
cumulative mass profiles show the same evolution described
by the other profiles above.
Figures 2, 9 and 10 also shows that at later times a
minor inner hole in the circumbinary disc has been cleared
by the binaries in the turbulent cases. The size of these inner
holes is smaller or comparable in size to the semi-major axis
of the binaries given by Figure 3. This does not follow the
prescription of Artymowicz & Lubow (1994) who find the
inner disc location to fall between 1.8a − 2.6a, where a is
the semi-major axis of the binary system. However these
discs are still in the very early stages of formation.
4 LIMITATIONS AND CAVEATS
4.1 Numerical resolution
The level of refinement used in our simulations does not
resolve the regions closest to the actual protostar where high
velocity outflows are launched. In our work, the resolution
on the highest level of refinement (L = 12) produces a cell
size of ∆x ∼1.95 AU. Federrath et al. (2014) find that to
have fully converged results for a simulation box size the
same as that used in our work requires a level of refinement
of L = 17. This level refinement produces cell sizes of ∆x =
0.06 AU. Running simulations with this level of refinement is
very computationally intensive and impractical. This is the
motivation for using L = 12 for our work, as the primary
c© 2016 RAS, MNRAS 000, 1–??
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Figure 11. Radial profiles of the volume-weighted mean gas density (top), integrated H2 column density (middle), as well as the
cumulative gas mass (bottom) for the NT case (left), T1 case (middle) and T2 case (right) at times 2000 yr (dash-dash-dot cyan line),
3000 yr (dash-dot green line), 4000 yr (dashed red line) and 5000 yr (solid purple line) after sink particle formation. The dotted grey line
in the top and middle panels highlight a r−2 and r−1 drop off in density and column density respectively. The grey region highlights the
approximate radius and mass of the circumbinary disc in T2
goal is to compare relatively the influence of turbulence on
binary star evolution. Kuruwita et al. (2017) find using a
level of refinement of L = 12 is enough to resolve the larger
scale outflows, while also allowing the simulations to evolve
for a long time.
The evolution of accretion and the disc formation pro-
cess is also sensitive to the initial and boundary conditions
(Machida et al. 2014; Kuffmeier et al. 2017, 2018). Machida
et al. (2014) find that the initial density distribution can
affect the disc sized up to an order of magnitude. This was
tested with a uniform density sphere and Bonner-Ebert pro-
file. Kuffmeier et al. (2017, 2018) also find from zoom-in
simulations that the density of the surrounding medium can
affect the infall and accretion of the forming protostars. As
our work is concerned with the relatively influence of turbu-
lence on the evolution of discs in binaries, our results would
not vary significantly as the initial and boundary conditions
are consistent between all cases.
All of the binary star systems that formed in our sim-
ulations have separations of ∼10-20 AU, which is resolved
over ∼5-10 cells. Following the prescription of Artymowicz &
Lubow (1994), if the sink particles host circumstellar discs,
they would have a radius of ∼5 AU. These discs would be
resolved over approximately 5 cells. The contribution from
these circumstellar discs is therefore, not well characterised
at later times in our simulations. However, we are mostly
concerned with the global evolution of these binary systems
and the establishment of circumbinary discs. Using a higher
level of refinement would allow us to resolve circumstellar
discs around our sink particles, and understand more about
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their contribution to the global evolution of these binary
systems.
4.2 Radiation effects
Our simulations do not explicitly calculate radiation trans-
fer, however our EOS accounts for some radiative effects on
the local cell scale (see section 2.1).
Radiation plays an important role in the initial collapse
of molecular cores as it suppresses fragmentation (Krumholz
et al. 2007; Offner et al. 2009; Bate 2012; Federrath et al.
2017). Fragmentation of these cloud cores is believed one of
the pathways in which binary stars and multiple star systems
may form, therefore we should consider mechanisms that can
influence fragmentation. Magnetic fields can also help sup-
press fragmentation by magnetically supporting the clouds
(Price & Bate 2008; Bu¨rzle et al. 2011; Peters et al. 2011;
Federrath & Klessen 2012; Federrath 2015, 2016). However
radiation-MHD simulations such as those conducted by My-
ers et al. (2013), Federrath et al. (2017), and Cunningham
et al. (2018) find that radiation plays the most dominant
role in fragmentation suppression in molecular cores.
Another pathway in which multiple star systems may
form is via gravitational instability in discs. Simulations of
binary star formation via this pathway find that even in rela-
tively low-mass discs (0.22 M) that once stellar cores form,
the radiative feedback can suppress further disc fragmen-
tation (Bate 2012). Despite this radiative feedback effect,
Bate (2012) also conclude that gravity and gas dynamics
are the main physical processes involved in determining the
properties of multiple star systems.
From hydrodynamic simulations of star formation with
radiative transfer in the flux-limited diffusion approximation
Offner et al. (2010) found that binary stars form predomi-
nantly via core fragmentation rather than disc instabilities.
Therefore, of the two competing pathways in which binary
systems may form, core fragmentation seems to be the more
likely.
While most work on radiation feedback has focused on
massive stars, some work has been done on low-mass stars.
Hansen et al. (2012) ran 3D AMR radiation hydrodynamic
simulations of low-mass star formation within a turbulent
molecular core. This work also finds that stellar outflows
dominate feedback reducing protostellar masses and accre-
tion rates. A consequence of this is that the radiation pres-
sure from the protostar is insignificant for low-mass stars,
but radiation still suppresses fragmentation within the tur-
bulent cloud by heating feedback.
Simulations of cluster formation incorporating both ra-
diative feedback and ideal MHD have been carried out
(Offner et al. 2009; Price & Bate 2009; Myers et al. 2013,
2014; Krumholz et al. 2016). Krumholz et al. (2016) found
that the formation of brown dwarfs of ∼0.01 M is greatly
hindered by radiation. This is because thermal pressure in
the vicinity of the protostar is increased due to accretion lu-
minosity preventing further fragmentation (Federrath et al.
2017; Guszejnov et al. 2018). This may explain why low-
mass binary stars are less frequent than high-mass binary
stars.
Overall the effect that radiation may have on our simu-
lations is that it would help suppress fragmentation. We be-
lieve the inclusion of radiation would not change the results
of our simulations significantly as the stars formed are low-
mass. However the influence of radiative feedback should be
investigated to fully understand how the evolution of discs
in binaries differs to disc evolution in single stars.
4.3 Non-ideal MHD effects
Non-ideal MHD effects are most important where partially
ionised gas would exist such as in protoplanetary discs. The
non-ideal effects are Ohmic resistivity, the Hall effect and
ambipolar diffusion, and they are important at ∼1.5, 2 − 3
and > 3 scale heights from the disc-midplane respectively
(Wardle 2007; Salmeron & Wardle 2008; Ko¨nigl & Salmeron
2011; Tomida et al. 2015; Marchand et al. 2016). At scale
heights greater than 3 the ideal MHD limit is a reasonable
approximation. This is because the surface layers of discs are
ionised by FUV stellar radiation (Perez-Becker & Chiang
2011).
The motivation to investigate non-ideal MHD effects on
star formation is due to the magnetic breaking catastrophe,
where magnetic fields are too efficient at breaking the rota-
tion of the core in ideal MHD, suppressing the formation of
circumstellar discs around young stars. Various works have
found that non-ideal MHD effects can weaken the magnetic
field strength and angular momentum transport helping to
overcome magnetic breaking (Mellon & Li 2009; Krasnopol-
sky et al. 2011; Li et al. 2011; Dapp et al. 2012; Tsukamoto
et al. 2015; Wurster et al. 2016; Vaytet et al. 2018; Zhao
et al. 2018). Because these non-ideal effects help to remove
magnetic flux from magnetically sub-critical cores are able to
collapse (Machida et al. 2018). Wurster et al. (2018) also find
that the inclusion of all three non-ideal MHD effects along
with radiation produced longer lived hydrostatic cores and
second core phases. Applying this result to our simulations
would delay the formation of sink particles. Despite delay-
ing the collapse of molecular cores, non-ideal effects are also
found to not significantly change the mass and radius of the
first hydrostatic cores (Masson et al. 2016).
While most work on non-ideal MHD effects on star for-
mation has mostly focused on single stars, there has been
work on binary star formation (Duffin & Pudritz 2009).
Machida et al. (2009) found that Ohmic resistivity weakens
the magnetic field strength near proto-binaries of separation
5− 10 AU, but accumulated in the circumbinary disc where
they are launched. Wurster et al. (2017) found that the in-
clusion of Ohmic resistivity, the Hall effect and ambipolar
diffusion in their simulations produced wider binaries with
more massive discs. While they found that near periastron,
non-ideal MHD effects were amplified, overall the initial con-
ditions played the dominant role during binary star forma-
tion.
Our work does not consider non-ideal MHD effects be-
cause we are mainly concerned with the influence of turbu-
lence on disc evolution in binary star systems. Given the
results of previous studies on binary star formation the re-
sults of this study are not expected to change significantly
with the inclusion of non-ideal MHD effects. There is numer-
ical diffusion in our simulations which weaken the magnetic
field. In the turbulent cases we see circumbinary discs build-
ing up, which implies that turbulence plays a dominant role
in angular momentum transport compared to the magnetic
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fields. Due to this, non-ideal MHD is not expected to signif-
icantly alter our main conclusions.
5 SUMMARY AND CONCLUSION
We ran and analysed MHD simulations of binary star for-
mation with varying levels of turbulence. We quantified the
accretion, the outflow mass, momentum and angular mo-
mentum as well as the studied the morphology of outflows
in three simulation cases: no turbulence (NT), Mach 0.1 tur-
bulence (T1) and Mach 0.2 turbulence (T2). We also deter-
mined the evolution of the discs in these systems, in par-
ticular the building up of circumbinary discs. We find the
following main results.
Orbital Evolution. Turbulence produces asymmetric bi-
naries. Stronger turbulence delays the absolute time taken
for sink particles to form. This is likely due to the effective
Jeans mass being greater with greater turbulence. Stronger
turbulence also delays the formation of the secondary com-
ponent of the binaries. The binary system formed in T2
circularises which is likely tied to the evolution of the asso-
ciated circumbinary disc. While turbulence controls the star
formation rate and efficiency on molecular cloud scales (Fed-
errath & Klessen 2012; Krumholz et al. 2012; Hennebelle &
Chabrier 2013; Padoan et al. 2014), we find here that it does
not significantly influence the accretion rate of the stars in-
side the discs. We also see evidence for episodic accretion
correlated with the periastron passage of the binary compo-
nents (cf. Figure 2 and 3).
Outflow Morphology. All our simulations produce jets
and outflows. The circumstellar discs around the protostars
in NT and T1 launch individual jets before the stars com-
plete a few orbits. The protostars in the most turbulent sim-
ulation fails to launch individual jets. This is likely due to
the stronger turbulence disrupting the initial magnetic field
structure, therefore producing a more unordered field, which
does not allow for the magneto-centrifugal mechanism to
work efficiently. At later times all systems produce a single
outflow with the turbulent simulations producing outflows
that appear bulkier and faster (cf. Figure 1).
More turbulent binary star formation can fail to launch
individual outflows before coalescing. This may have inter-
esting implications for observations as outflows are used as
indicators of recent protostar birth. Because turbulent sys-
tems would not produce individual jets, the formation of
binary systems in turbulent environments may be obscured
to observations. However, this likely depends on the initial
separation of the binary. Wider separation binaries formed
in turbulent environments may produce individual outflows,
however, this is outside the scope of this study.
Outflow Efficiency. The non-turbulent simulation pro-
duces the most massive outflows, while the most turbulent
simulation has the least massive outflows. However con-
cerning linear and angular momentum transport, T1 pro-
duced outflow efficiencies comparable or more efficient than
the non-turbulent case, while the most turbulent simulation
was significantly less efficient at transporting momentum via
outflows. Maximum outflow speeds remain relatively steady
for the non-turbulence case, while the turbulent cases have
maximum outflow speeds that grow by at least an order of
magnitude over the course of the simulations (cf. Figure 6)
Disc Evolution. All binaries host small circumstellar
discs (approximately with a radius of 10 AU) which are de-
stroyed as the system passes periastron and reform shortly
thereafter. In the non-turbulent case the circumstellar discs
do not survive long and the surrounding circumbinary ma-
terial is diffuse and has little structure. In the turbulent
cases the interaction of the binary stars redistributes an-
gular momentum, such that a circumbinary disc can form
faster than in the NT case. In the turbulent cases we also
see that the magnetic fields coil up in the circumbinary discs
(cf. Figure 2). This is what then primarily drives the out-
flows at late times. The T2 simulation produces the largest
circumbinary disc (cf. Figure 11). The circumbinary discs
produced are rotationally supported.
Overall we find that turbulence helps to build up larger
circumbinary discs, from which planets may form more eas-
ily than without the presence of turbulence.
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